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Design  of  Spherical  Aerosol  Particles  to  Maxlmke  Sound  Attenuation 


lutroductloa 

This  study  investigates  the  design  of  aerosols  to  maxunize  their  acoustic  absorption  - 
cross  section  per  aerosol  mass  or  volume  over  the  audible  frequency  range  20-150(X)  hertz. 
Air  molecules,  including  water  vapor  will  absorb  audible  frequencies  with  little  scatter 
because  of  their  molecular  size.  To  a  small  extent  it  is  poesible  to  scatter  audible  acoustic 
radiation  with  aerosol  particles  while  aerosol  absorption  of  sound  can  be  significant. 


Tbeca7  of  Attenuatlan  of  Sound  by  Aerosols 


In  addition  to  the  inverse  distance  squared  drop  in  sound  intensity  as  acoustic  radia¬ 
tion  propagates  away  from  the  source,  we  observe  attenuation  due  to  absorption  by  air 
molecules  as  indicated  by  the  figures  ^  1  and  2  .  Attenuation  as  a  function  of  relative 

humidity,  temperature,  and  frequency  of  sound  is  indicated  in  units  of  m~^  ud  iB fm. 
These  units  are  related  by  m~^  =  4.S5  dB/m.  If  an  aerosol  is  present  it  will  scatter  and 
absorb  iOuuu  with  «ii«  •csttcr  coetucient  cxanceatratlon  product  in  units  of  reciprocal 
length  given  by  the  expression  * 


where  X  is  the  wavelength  of  sound,  D  is  the  aerosol  particle  diameter  and  n 


the  number  concentration  of  particles  where  Cu  is  the  mass  concentration  and  pf  the  parti¬ 
cle  density.  Because  the  ratio  D  /X'  is  so,  small  even  for  the  largest  aerosol  particles 
(Z7»2xlO~’  cm  and  the  highest  frequen^  of  audible  sound  A»2  cm  )  that  at  the  upper 
concentration  limit  set  by  coagulation  »i(r/cm’  the  aeroeol  scatter  remains  negligible  com¬ 
pared  to  absorption  which  will  now  be  described. 


Absorption  of  sound  by  an  aeros«J  occurs  as  the  result  of  two  mechanisms  -  viscous 
losses  and  irreversible  heat  transfer  losses.  The  viscous  losses  take  place  when  the  aeroeol 
particles  move  with  respect  to  the  tis  surrounding  the  particle  and  the  irreversible  beat 
transfer  losses  take  place  when  heat  is  transferred  between  an  aerosol  particle  and  the  sur¬ 
rounding  air.  As  sound  propagates  through  an  aerosol  cloud  the  pressure  waves  propagate 
at  about  340  m  /s  at  standard  temperature  and  pressure  and  accelerate  particles  to  oscillate 
with  the  air  that  moves  back  and  forth  first  in  Uie  direction  of  propagation  and  then  oppo¬ 
site  to  that  direction  with  Jie  pressure  gradient.  As  air  pressure  is  incressed,  heat  flows 
from  the  air  into  the  aerosol  particles  and  when  air  pressure  decreases  heat  flows  from  the 
particles  back  into  the  air. 
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The  abeorption  coefficient  concentration  product  representing  vucoug  lossea  m&y  be 
written  *•* 
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where  .15  cn?/$  is  the  viscosity  of  air.  Us  i40mjt  is  the  speed  of  sound,  D  is  the 
particle  diameter,  n  is  the  aerosol  particle  number  concentration  defined  earlier, 
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where  u  is  the  angular  frequency  and 
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where  pp  is  the  aerosol  particle  density  and  p^i,  .0012  g  /  cm’  is  the  density  of  air.  If  we 
express  particle  diameter  in  fim,  particle  dezuiity  in  g/cm’  and  frequency  /in  hertx  then 
the  absorption  coefficient  aj^  due  to  viscous  losses  in  unite  of  m’/g  is 
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with  contourplots  of  appearing  in  Figures  3  and  4. 

The  absorption  coefficient  concentration  product  due  to  irreversible  heat  transfer 
losses  can  be  written 


a:c= 


2vaPn 

Us 
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where  k  n  0.187  cm’/t  ia  the  thermal  diffueivity  of  air,  'y  ^  1-4  ia  the  constant  preaaure 
ever  constant  volume  heat  capacity  ratio  for  w  which  is  approximately  that  of  a  diatomic 
molecule  and 
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The  absorption  coefilcient  in  units  of  m^/g  due  to  irreversible  heat  transfer  losses  becomes 
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where  again  particle  diameter  ia  expressed  in  microns,  density  in  s/cm^,  and  frequency  in 
hertx.  Contourplots  of  are  presented  in  Figures  5  and  6. 


Dlacnaslan 

Total  aerosol  absorption  acoustic  cross  sections  per  volume  (square  meters  per  cubic 
centimeter)  due  to  combined  viscous  and  irreversible  heat  transfer  losses  are  plott^  in  Fig¬ 
ures  7  and  8  in  units  of  square  meters  per  cubic  centimeter  of  aerosol  at  an  aerosol  particle 
density  cf  £g/cc.  !u  Figures  V  onu  iG  the  cross  sections  per  mass  (square  meters  per  gram) 
are  similarly  plotted.  Optimum  diameter  regions  producing  maximum  contour  levels  for 
the  sound  absorption  cross  sections  per  volume  or  per  mass  are  clearly  indicated.  For 
example,  the  optimum  diameter  for  a  p  =  5  g/cc  density  particle  attenuating  7000  Hz 
acoustic  radiation  would  be  about  1.5  pm  and  the  absorption  coefficient  is  about  2  m^/ee. 
At  lower  frequencies  the  optimum  diameters  are  larger  and  the  absorption  ernes  sections  are 
smaller.  For  example,  the  optimum  diameter  for  attenuating  700  Hz  sound  is  about  4.5  pm 
and  the  absorption  coefficient  is  about  0.2  m*/ ce.  Figures  11  and  12  for  unit  density  parti¬ 
cles  can  be  compared  to  Figures  9  and  10  for  5  g/cc  density  particles.  Although  optimum 
diameters  for  the  unit  density  particles  are  substwtially  greater  than  the  optimum  diame¬ 
ters  for  the  5  g/cc  particles,  the  absorption  cross  section  per  mass  has  not  changed  very 
much.  Because  we  may  roughly  estimate  the  cross  tectioo  per  volume  as  the  particle  den¬ 
sity  multiplied  by  the  cross  section  per  mass,  we  can  expect  that  the  cross  section  per 
volume  of  the  5  g/cc  particles  will  be  about  6  times  greater  than  that  of  the  unit  density 
particles.  Figures  13  and  14  show  the  sound  absorption  cross  sections  per  volume  and  per 
mass  as  a  function  of  particle  diameter  and  density  for  100  Hz  sound.  Similarly  Figures  16 

3 


and  16  sboT;  ii  for  ICXX)  Hs  and  Fisures  1?  and  18  for  lOOX)  Hs  &equf>nciea.  Optimum 
diameter*  are  indicated  in  the  plots  of  exoes  section  p^r  volume  with  iiiCF  eases  in  croas  sec¬ 
tion  per  volume  to  be  expect^  with  increesing  particle  density  aesuming  the  necessary 
adjustments  b  diameter  are  made.  On  the  other  hand,  there  ic  a  ridge  of  high  cross  section 
per  mass  b  particle  density-diameter  space  so  that  bereasbg  particle  density  will  not 
berease  cross  section  per  mass  as  long  as  optimum  diameters  are  chosen.  Optimum  diame¬ 
ters  can  be  seen  to  berease  with  decreasbg  density  along  the  ridge.  Agab  the  contour  lev¬ 
els  for  absorption  coefficients  are  seen  to  be  approximately  proportional  to  the  frequencies. 

G^mparbg  the  levels  of  audible  sound  attenuation  by  atmospheric  gases  plus  water 
vapor  as  bdicated  b  the  first  two  figures  with  the  levels  of  attenuation  achievable  with  an 
aerosol,  we  find  that  aerosol  absorption  of  sound  can  greatly  exceed  that  of  the  btervenmg 
air. 


Conchislan 

Aerosol  acoustic  absorption  cross  sectiona  per  aerosol  volume  and  mass  have  been  con- 
tourplotted  by  takmg  surfaces  defined  by  constant  values  of  one  of  the  three  variables  - 
particle  density,  diameter  and  frequency  of  sound;  while  the  remabbg  two  variables  define 
the  abscissa  and  oidbate  of  the  contourplot.  Regions  of  high  acoustic  cross  section  per 
volume  and  mass  have  been  shown  and  optimum  ranges  for  the  bdependent  variables  have 
been  showm  b  the  contourplots.  We  have  found  that  the  higher  audible  frequencies  are 
absorbed  by  an  aerosol  much  more  strongly  than  are  the  lower  audible  frequencies  roughly 
b  proportion  to  the  frequency.  Optimum  particle  sbe  was  found  to  berease  with  decreas¬ 
bg  acoustic  frequencies  and  higher  particle  densities  were  found  to  berease  aerosol  absorp¬ 
tion  per  mass  but  not  per  volume  at  the  optimum  diameter  Fbally,  aerosol  absorption 
can  be  made  much  greater  than  atmospheric  absorption  of  audible  sound. 
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Frequency  of  Sound  (hertz)  _  .  .  .  ,  Treauency  of  Sc.nd  (H-rtz) 


Viscous  Losses,  Density=  Ig/cc 


gure  3.  Aerosol  Sound  Absorption  Coefficient  (ra*in/g) 
Viscous  Losses.  Oerisity=  Iq/cc 


Figure  4.  Aerosol  Sound  Absorption  Coefficient  (m*m/g) 
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Figure  5.  Aerosol  Sound  Absorption  Coefficient  (m*myg) 


7 


_enSilv:=3C/CC 

5  4  •  ; 


14000 

17000 

'•3000 

11000 

.x'-v 

•M 

lOOOO 

•000 

TJ 

C 

•000 

D 

o 

cn 

7000 

o 

•000 

>w 

u 

3000 

D 

4000 

cr 

3000 

3000 

<000  1 

'tV.' 

vV 


1  2  ^  4  S  «  7  A  «  '0  11  ‘2  «« 

S;jhere  Diometer  (rnicrcns) 


'1000 

-  -*000 

-  'iOOO 

-  *7000 

-  *1000 

-  -cooo 

-  flooo 

-  8000 
-  ?000 

-  coco 

-  200C 

-  4000 

-  JOOO 

-  ;ooo 

-  1000 


Figure  7.  Aerosol  Sound  Absorption  Coefficient  (m»m/cc) 
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Figure  8.  Aerottol  Sound  Absorption  Coefficient  (m’^m/cc) 
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gure  11.  Aerosol  Sound  Absorption  Coefficient  (m*m/g) 


Figure  12.  Aerosol  Sound  Absorption  Coefficient  (m*m/g) 
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Figure  13.  Aerosol  Sound  Absorption  Coefficient  (m'^m/cc) 
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Figure  14.  Aerosol  Sound  Absorption  Coefficient  (m^m/g) 
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igure  15.  Aerosol  Sound  Absorption  Coefficient  (m*m/cc) 


Figure  16.  Aerosol  Sound  Absorption  Coefficient  (m*in/g) 
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